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ABSTRACT 
Staphylococcus aureus is a virulent pathogen and a major causative agent of superficial and invasive 
skin and soft tissue infections (SSSTIs). Antibiotic resistance in S. aureus, among other bacterial 
pathogens, has rapidly increased, and this is placing an enormous burden on the health care sector and 
has serious implications for infected individuals, especially immunocompromised patients. Alternative 
treatments thus need to be explored to continue to successfully treat infections caused by S. aureus, 
including antibiotic-resistant strains of S. aureus. In this study, an antimicrobial nanofiber wound 
dressing was generated by electrospinning nisin (Nisaplin) into poly(ethylene oxide) and poly(d,l-
lactide) (50:50) blend nanofibers. Active nisin diffused from the nanofiber wound dressings for at least 4 
days in vitro, as shown by consecutive transfers onto plates seeded with strains of methicillin-resistant S. 
aureus (MRSA). The nisin-containing nanofiber wound dressings significantly reduced S. aureus Xen 36 
bioluminescence in vivo and viable cell numbers in a murine excisional skin infection model. The 
bacterial burden of wounds treated with nisin-containing nanofiber wound dressings was 4.3 × 102 
CFU/wound, whereas wounds treated with control nanofiber wound dressings had 2.2 × 107 CFU/wound 
on the last day of the trial (day 7). Furthermore, the wound dressings stimulated wound closure of 
excisional wounds, and no adverse effects were observed by histological analysis. Nisin-containing 
nanofiber wound dressings have the potential to treat S. aureus skin infections and to potentially 
accelerate wound healing of excisional wounds.  
INTRODUCTION 
Injury to skin provides a perfect site for microbial invasion, leading to minor skin infections that can 
easily progress into life-threatening infections. With an infection, the processes normally associated with 
wound healing, i.e., homeostasis, inflammation, new tissue formation, remodelling, and maturation, are 
hampered (1–3). Various organisms, including Gram-positive and Gram-negative bacteria, fungi, and 
yeasts, have been implicated in causing skin infections (4, 5). Staphylococcus aureus is a virulent 
pathogen most commonly responsible for superficial and invasive skin and soft tissue infections 
(SSSTIs) (6–8). Widespread use of antibiotics has led to an increase in antibiotic resistance in S. aureus, 
among others, with the emergence of health care-associated methicillin-resistant S. aureus (HA-MRSA) 
and community-acquired MRSA (CA-MRSA) (9, 10). Vancomycin-resistant strains of S. aureus 
(VRSA) and, more recently, linezolid-resistant S. aureus (LRSA) have also emerged (11–14). It is thus 
of utmost importance to evaluate alternative antimicrobial compounds and treatment strategies targeting 
S. aureus.  
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Lantibiotics (lanthipeptides with antimicrobial activity) are extensively posttranslationally modified 
bacterial antimicrobial peptides (bacteriocins) containing unusual amino acids and meso-lanthionine(s) 
and/or β-methyllanthionine(s) (15). Nisin is the best-studied lantibiotic. Posttranslational modification of 
the peptide results in the dehydration of serine and threonine residues of the precursor peptide to form 
2,3-didehydroalanine (DHA) and (Z)-2,3-didehydrobutyrine (DHB), respectively. Subsequent 
cyclization results in the formation of one meso-lanthionine (Ala-S-Ala) and four β-methyllanthionines 
(Abu-S-Ala) in the mature peptide (16). Nisin has a dual mode of action, as it targets the pyrophosphate 
moiety of the cell wall precursor lipid II and, by doing so, prevents polymerization of murein subunits 
during cell wall biosynthesis (16, 17). Once bound to lipid II, nisin also forms pores in the cell 
membrane (18). Nisin is active against various Gram-positive bacteria, including MRSA, vancomycin-
resistant enterococci (VRE), heterogeneous vancomycin-intermediate S. aureus (hVISA), Streptococcus 
pneumoniae, and Clostridium difficile (19–21). It has also been shown to inhibit the outgrowth of 
Bacillus spp. and Clostridium spp. endospores (22, 23).  
Electrospinning is a versatile technique to produce fibers with minuscule diameters (in the nanometer to 
micrometer range) that have high oxygen permeability, variable pore sizes, and a high surface area-to-
volume ratio and are morphologically similar to the extracellular matrix (24–27). Electrospun nanofibers 
are thus ideal as wound dressing materials. Various compounds have been electrospun into nanofibers in 
order to control their release (for reviews, see references 28 and 29); however, electrospinning of 
bacteriocins into nanofibers and the use of such electrospun nanofibers as a drug delivery system for 
bacteriocins in the food and medical industries have only recently been reported (30–33).  
The aim of this study was to investigate the feasibility of electrospinning commercially available nisin 
(Nisaplin) into nanofibers consisting of a blend of poly(ethylene oxide) (PEO) and poly(d,l-lactide) 
(PDLLA) to generate an antimicrobial wound dressing. The release profile of nisin and the antimicrobial 
activity of the nisin-containing nanofiber wound dressings were evaluated in vitro. Furthermore, the 
efficacy of the nisin-containing nanofiber wound dressings to treat S. aureus-induced skin infections and 
their ability to promote wound healing were evaluated in vivo in an experimental murine skin infection 
model.  
MATERIALS AND METHODS 
Materials.PDLLA (75 000 to 120,000 Da) and PEO (200,000 Da) were obtained from Sigma-Aldrich 
(St. Louis, MO). Nisaplin was obtained from Danisco (Copenhagen, Denmark). All other reagents were 
of analytical grade. Protein concentrations were determined by using the microbicinchoninic acid (BCA) 
kit (Pierce, Rockford, IL) as recommended by the supplier, and readings were recorded at 562 nm.  
Electrospinning of nanofibers. 
Nisaplin was suspended in N,N-dimethylformamide (DMF) to obtain 20 mg/ml active nisin and 
centrifuged (8,000 × g, 5 min). The supernatant, containing nisin, was used as the solvent to create a 
24% (wt/vol) PEO-PDLLA (50:50) solution. The solution was heated to 40°C on a hot plate and then 
electrospun using a gravity system as described elsewhere (31). A constant electric field of +10 kV was 
applied to the polymer solution, and −5 kV was applied to the collector. The collector was placed 15 cm 
from the polymer solution. The relative humidity was kept constant, between 50 and 54%, and the 
temperature was between 28 and 30°C. Nisin-containing nanofibers are referred to here as NF. 
Nanofibers electrospun without nisin, which served as a control, are referred to as CF.  
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Scanning electron microscopy of electrospun fibers. 
Images of the nanofibers were recorded with a Leo 1430VP scanning electron microscope (SEM). 
Samples were coated with a thin layer of gold to increase conductivity. Fiber diameters were determined 
using the SEM Image Studio software (version 10.1), with a minimum of 100 measurements per sample 
from samples electrospun on three different days.  
Release of nisin and in vitro antimicrobial activity assays. 
Bioluminescent strains of S. aureus (Xen 29, Xen 30, Xen 31, and Xen 36; Caliper Life Sciences, 
Hopkinton, MA) were cultured separately in brain heart infusion (BHI) broth (Biolab Diagnostics, 
Midrand, South Africa) containing 200 μg/ml kanamycin to maintain the native plasmid containing the 
lux operon. Incubation was overnight at 37°C. Nisin-containing nanofibers (1 cm2) were dissolved in 
DMF. The solution was then subsequently diluted in phosphate-buffered saline (PBS; pH 7.4), placed on 
an orbital shaker, and incubated at 37°C for 3 h. The nisin concentration was determined by using the 
BCA kit, as previously described. Electrospun nanofibers (1 cm2), containing approximately 768 μg/ml 
nisin, were placed on the surface of seeded BHI soft agar (1%, wt/vol) plates. Into these plates was 
poured 20 ml BHI that was precooled before inoculation with 105 CFU/ml of one of the above-
mentioned strains. Plates were incubated at 37°C for 24 h. Nanofibers that inhibited the growth of the S. 
aureus strains, i.e., with surrounding zones of growth inhibition, were transferred to a new plate seeded 
in the same way and incubated at 37°C for another 24 h. Each time, the diameter of the inhibition zone 
was recorded and the plates were digitally photographed. This process was repeated until no 
antimicrobial activity was observed.  
Animals. 
Approval to conduct research on animals was granted by the Ethics Committee of the University of 
Stellenbosch (10 NM_DIC02). Adult male BALB/c mice (weighing 20 to 30 g) were fed a standard 
rodent diet, housed in separate cages, and kept under controlled environmental conditions (12-h light-
dark cycle; 20 to 22°C).  
Skin injury and infection with S. aureus. 
The dorsal hair of mice was removed with Veet hair remover lotion (Reckitt Benckiser, Elandsfontein, 
South Africa). The next day, the mice were anesthetized with 2% (vol/vol) isoflurane in O2 (Isofor; Safe 
Saline Pharmaceuticals, Florida, South Africa), and full-thickness excisional wounds (5 mm in diameter) 
were generated on the dorsal surface of each mouse by using a sterile biopsy punch (Stellenbosch 
Medical Suppliers, Stellenbosch, South Africa). Mice received buprenorphine (0.03 mg/kg of body 
weight; Temgesic, Schering-Plough Ltd., Woodmead, South Africa) subcutaneously as an analgesic 
directly before injury and for the first 4 days of the experiment. S. aureus Xen 36 was cultured in BHI 
broth containing 200 μg/ml kanamycin until an optical density at 600 nm (OD600) of 0.8 to 1.0 was 
reached. The cells were harvested by centrifugation (10,000 × g, 2 min) and washed once with PBS (pH 
7.4). The S. aureus Xen 36 cells were resuspended in PBS (pH 7.4) to the same optical density and used 
for wound colonization. Cell counts were verified by serial dilution of the above-mentioned suspensions 
and plating on BHI agar plates containing 200 μg/ml kanamycin. The plates were subsequently 
incubated at 37°C for 24 h, after which colonies were counted. Each of the wounds was colonized with 
10 μl of this 108-CFU/ml S. aureus Xen 36 suspension in PBS (pH 7.4), immediately after the punch 
biopsy. The cultures were placed on the wound, spread evenly using a pipette tip, and left for 10 min. 
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The wounds were subsequently covered with a 1-cm2 square of parafilm, followed by a layer of gauze 
and Micropore surgical tape (Alpha Pharm, Stellenbosch, South Africa).  
Treatment of S. aureus skin infections. 
Treatment of the skin infections followed 1 h after wound colonization. Wounds of mice (n = 7) were 
covered with NF wound dressings of 1 cm2 and were labeled as the NF group (NFG). Wounds of control 
mice (n = 7) were covered with CF wound dressings of the same size and were labeled the CF group 
(CFG). Micropore surgical tape was used to keep the nanofiber dressings in contact with the wounds. 
Wound dressings were changed on the second and fourth days of the 7-day trial.  
Determination of bacterial bioluminescence through nanofiber wound dressings. 
The signal strength of photons transmitted through the nanofiber dressings was determined prior to in 
vivo bioluminescent imaging. This was to ensure that in vivo bioluminescent imaging through the 
nanofiber dressings would be possible. Aliquots of 200 μl (108 CFU/ml) of S. aureus Xen 36 cells were 
placed into a microtiter plate, and the wells were covered with nanofibers, which were moistened with 
PBS (pH 7.4). Bioluminescent readings were recorded using the In Vivo Imaging System (IVIS 100) of 
Caliper Life Sciences (Hopkinton, MA). Image software (version 3.0; Caliper Life Sciences, Hopkinton, 
MA) was used to quantify the photons emitted from regions of interest (ROIs). The values obtained were 
expressed as the log10 of photons per second per cm
2 per steradian (p s−1 cm−2 sr−1).  
Monitoring the bacterial infection. 
For in vivo bioluminescent imaging, mice were anesthetized with 2% (vol/vol) isoflurane in O2, and 
bioluminescent readings were recorded, every 24 h, through the bandages for 1 min by using the IVIS 
100. Nanofiber wound dressings were moistened with 50 μl PBS (pH 7.4) prior to bioluminescent 
imaging. Quantification of the photons emitted was achieved as described before, and the ROI area was 
set at 17.5 by 17.5 pixels.  
Numbers of viable S. aureus Xen 36 cells adsorbed to the nanofiber wound dressings were determined 
by soaking the wound dressings in sterile saline, followed by vortexing, serial dilution, and plating on 
BHI plates containing 200 μg/ml kanamycin on day 2, 4, and 7. The plates were incubated at 37°C for 
24 h, and the number viable cells was determined. Wounds were digitally photographed daily to 
investigate the influence of the wound dressings on wound closure, and images were analyzed with 
ImageJ software (Scion Corp., Frederick, MD). Changes in wound size were expressed as the percentage 
of the original wound size by using the following equation: DN/D0 × 100% (DN is the wound size on the 
day of measurement, and D0 is the wound size on day zero). On day 7, the mice were euthanized with an 
overdose of pentabarbitone sodium (Euthapent, Kyron Laboratories Ltd., Benrose, South Africa), and 
wounds were excised to determine the number of viable S. aureus Xen 36 cells in the wounds. Excised 
wounds were homogenized, serially diluted in sterile saline, and plated onto BHI plates supplemented 
with 200 μg/ml kanamycin and incubated at 37°C for 24 h.  
Effect of nanofiber wound dressings on closure of uninfected wounds. 
Punch biopsies were performed on mice as previously described. None of the mice in this experiment 
was infected with S. aureus. The wounds of mice (n = 3) were covered with NF wound dressings, as 
described before. Wounds in control groups were either covered with CF wound dressings (n = 3) or 
covered only with gauze (n = 3). Micropore surgical tape was used to keep all wound dressings in 
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contact with the wounds. Wounds were digitally photographed daily, and wound closure was determined 
as described before. Wounds were excised for histological analysis on day 7 and fixed in 4% 
formaldehyde in 0.1 M PBS (pH 6.5). Wound tissue samples were processed by using automated 
procedures to impregnate and subsequently embed samples in paraffin wax; 5-μm sections were then 
prepared with a rotary microtome and manually stained with hematoxylin and eosin (H&E).  
Statistical analysis. 
Statistical analyses of the data and comparisons between groups were performed using one-way analysis 
of variance and/or unpaired two-tailed t tests. Statistica Data Analysis software (version 10; StatSoft 
Inc.) or GraphPad Prism software (version 5.04; GraphPad Software Inc., CA) was used. A statistically 
significant difference was considered when P was <0.05.  
RESULTS 
Electrospun nanofibers.Nanofibers electrospun from a 24% (wt/vol) solution of PEO-PDLLA (50:50) 
had an average diameter of 466 ± 104 nm (mean ± standard deviation), whereas nanofibers electrospun 
with nisin had an average diameter of 330 ± 79 nm (see Fig. S1 in the supplemental material).  
In vitro activity and release profile of nisin from nanofibers. 
Nisin remained active after electrospinning (Fig. 1). The highest antimicrobial activity, based on the 
diameters of inhibition zones, was recorded after 1 day of incubation for S. aureus Xen 29, MRSA Xen 
30, MRSA Xen 31, and S. aureus Xen 36 (Fig. 1). NF wound dressings inhibited the growth of S. aureus 
Xen 29 and MRSA Xen 30 for 4 days, as observed with consecutive transfer to plates seeded with the 
same target organism (Fig. 1). Growth of Xen 31 was inhibited for 5 consecutive days (Fig. 1). The 
largest zone of growth inhibition (23 ± 1.5 mm in diameter) was recorded against S. aureus Xen 36 after 
1 day, and growth inhibition continued for 9 consecutive days (Fig. 1). CF wound dressings did not 
inhibit the growth of any of the four target strains (Fig. 1). Nisin remained active in the nanofibers when 
stored at 4°C for 8 months. Inhibition zones of 21 ± 1.6 mm were observed after 1 day of incubation 
when nanofibers (which had been stored at 4°C for 8 months) were placed on plates seeded with S. 
aureus Xen 36.  
Determination of bacterial bioluminescence through nanofiber wound dressings. 
Bioluminescent signal slightly decreased, from 6.3 ± 0.03 to 6.2 ± 0.09 log10 p s
−1 cm−2 sr−1 after 
transmission through moistened nanofiber wound dressings. The bioluminescent signal produced by S. 
aureus Xen 36 was thus able to transmit through PEO-PDLLA nanofiber wound dressings, which 
indicated that in vivo imaging through the nanofiber dressings was possible.  
In vivo bioluminescent imaging. 
NF wound dressings significantly reduced the bioluminescent signal emitted from S. aureus Xen 36 
during 7 days of bioluminescent imaging (NFG) (Fig. 2). Mice receiving CF wound dressings (CFG), 
however, showed stable bioluminescence over the 7-day period. The highest bioluminescent signal 
recorded was on day 1 in the CFG, at 7.8 ± 0.2 log10 p s
−1 cm−2 sr−1, whereas the NFG only showed 3.9 ± 
0.1 log10 p s
−1 cm−2 sr−1 on day 1.  
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Verification of in vivo bioluminescent imaging by determining bacterial burdens. 
The number of viable S. aureus cells present on NF wound dressings declined over the 7-day period. 
Average cell numbers per wound dressing of the NF wound dressings declined from (2.0 ± 1.9) × 103 on 
day 2 to (1.7 ± 4.5) ×102 and <25 CFU/wound dressing on days 4 and 7, respectively (Fig. 3A). Only 20 
CFU were detected on one wound dressing (on day 7) of a mouse that was treated with NF wound 
dressings. Cell numbers on CF wound dressings, on the other hand, only declined from (6.9 ± 1.1) × 107 
on day 2 to (1.8 ± 2.3) × 106 and (1.2 ± 1.5) × 106 CFU/wound dressing on days 4 and 7, respectively. 
The numbers of viable S. aureus cells were reduced in wounds covered with NF wound dressings and 
were significantly lower than results in control wounds. The cell numbers of S. aureus Xen 36 declined 
to (4.3 ± 9.0) × 102 CFU/wound on day 7 when treated with NF wound dressings, compared to (2.2 ± 
1.4) × 107 in wounds treated with CF wound dressings (Fig. 3B). None of the mice in the NF group had 
bacterial counts higher than 104 CFU/wound, whereas all of the mice in the CF group had cell counts 
higher than 106 CFU/wound.  
Influence of nanofibers on wound healing. 
No significant differences were observed in wound closure during 7 days of treatment with NF wound 
dressings or CF wound dressings. On average, wounds in the NF group showed an 84.0% ± 9.8% 
reduction in wound area on day 7, whereas wounds treated with control nanofibers showed a 79.0% ± 
16.6% reduction in wound area (Fig. 4A).  
A significant difference in wound area was observed in uninfected wounds covered with CF compared 
to wounds covered with gauze during the 7-day trial. A significant difference was, however, only 
observed in wound closure of mice treated with NF wound dressings compared to wounds that were 
covered with gauze, from day 4 until day 7 of the experiment (Fig. 4B). No difference was observed in 
wound closure between NF wound dressing-treated and CF wound dressing-treated wounds. Average 
wound sizes on day 7 ranged between 26.2% ± 3.9%, 8.7% ± 3.2%, and 9.2% ± 4.6% of the original 
wound area for wounds covered with gauze, CF, and NF wound dressings, respectively. Histological 
analysis revealed that wounds covered with gauze exhibited characteristics of reepithelialization and 
neovascularization in the wound bed (see Fig. S2 in the supplemental material). However, tissues 
surrounding the wounds showed prolonged inflammatory infiltration, with (polymorphonuclear) 
neutrophils still visible on day 7. Wounds treated with CF wound dressings showed signs of 
reepithelialization, keratinization, and wound vascularization. Some signs of neovascularization were 
also observed. Neutrophils were only present in one of three wounds on day 7. NF-treated wounds 
showed the presence of connective tissue formation, reepithelialization, keratinization, and hair follicles. 
None of these wounds showed any signs of neutrophil infiltration on day 7. The NF-treated group was 
the only group in which clear fibrotic scar formation was evident, indicating that the end stages of repair 
had been reached.  
DISCUSSION 
Skin protects the host from infection and plays a role in thermoregulation and maintenance of 
homeostasis; it has immunological, neurosensory, and metabolic functions. Severe skin damage exposes 
underlying tissue to microbial invasion (5, 34), and this delays the general wound healing process. It is 
thus of utmost importance to treat and/or prevent wounds from becoming infected, especially when the 
wounds cover a large body surface area, by using the best available treatments. In this study, a wound 
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dressing was generated by electrospinning nisin into PEO 50–PDLLA 50 nanofibers to generate an 
antimicrobial wound dressing material to target S. aureus skin infections.  
PEO 50–PDLLA 50 nanofibers electrospun with nisin had a mean fiber diameter of 330 ± 79 nm, which 
corresponded well with that obtained previously (32, 35). Nanofibers electrospun without nisin had a 
larger diameter. Dheraprasart et al. (30), however, reported a slight increase in fiber diameter when 
gelatin solutions were electrospun with nisin, but the increase was not statistically significant. Various 
molecules and living organisms have been electrospun into a variety of natural and synthetic fibers, as 
well as blends thereof, including antibiotics, growth factors, antimicrobial peptides, and silver 
nanoparticles, as well as living bacteria (31, 36–42). Addition of molecules to a solution before 
electrospinning may alter the conductivity, surface tension, and possibly the viscosity of the solution and 
thus influence the morphology and diameter of fibers formed during electrospinning.  
Antimicrobial activity was assessed on solid medium to simulate topical conditions, such as wounds. 
Nisin released from the PEO 50–PDLLA 50 nanofibers showed antimicrobial activity for a minimum of 
4 days against S. aureus Xen 29 and MRSA Xen 30. The longest activity was observed against S. aureus 
Xen 36 for 9 days. An initial burst release with a sustained release of nisin was observed, which could be 
ideal to treat infections. Bacteria initially colonizing the wound would be killed or inhibited with the 
initial release of nisin, whereas the sustained release could help to prevent further infection. Similar 
results have been reported for bacteriocins released from nanofibers, with a high initial burst release 
followed by a sustained release (32). Bacteriocins released from the nanofibers inhibited the growth of a 
sensitive strain for up to 6 days based on antimicrobial activity on agar plates. Nisin released from 
electrospun gelatin nanofibers reduced S. aureus and Listeria monocytogenes numbers for over 48 h in 
liquid medium but was unable to reduce Salmonella enterica serovar Typhimurium numbers (30). 
Release of molecules/drugs from nanofibers, when mixed directly in the solution before electrospinning, 
depends on various factors, including solubility, polymer-drug interactions, and dissolution/degradation 
rates of the polymer/polymer blend nanofibers, as well as the experimental conditions (32, 37, 43, 44).  
Survival rates of mice infected with S. aureus Xen 36 were 100% in both NF and CF wound dressing 
groups. This was ideal and offered the possibility to monitor the infection in real time as it progressed 
over the 7-day period with bioluminescent imaging, using the IVIS. A statistically significant reduction 
in bacterial bioluminescence, cell numbers on the NF wound dressings, as well as cell numbers in 
infected wounds were observed when treated with nisin-eluting PEO 50–PDLLA 50 nanofiber wound 
dressings, compared to control PEO 50–PDLLA 50 nanofiber wound dressing (CF)-treated groups. All 
of the mice that were treated with NF wound dressings had bacterial counts lower than 104 CFU/wound. 
Our results correlate well with previous published reports on the treatment of bacteria-infected wounds 
and reduction of viable cell numbers in vivo. Nanoemulsion compound NB-201 was shown to decrease 
Pseudomonas aeruginosa numbers in infected burn wounds from 7.9 × 107 CFU to 6.5 × 104 CFU in 
rats (45). Nitric oxide nanoparticles showed similar results and caused a statistically significant 
reduction in MRSA counts in excisional wounds (46). A proline-rich synthetic peptide, designated A3-
APO, also showed potential as a treatment for burn wound infections, as it decreased the bacterial 
burden of wounds infected with different cell numbers of Acinetobacter baumannii (47). Bacterial 
counts of mice infected with 2 × 1011 CFU/wound were in the range of 107 for control animals and 
below 103 for the majority of A3-APO-treated animals (47). Further studies revealed that the peptide 
reduced MRSA counts in burn wounds from 107 to 104 CFU/mg of tissue and increased survival of mice 
infected with a cocktail of A. baumanni, Klebsiella pneumoniae, and Proteus mirabilis (48).  
An optimal wound dressing should not just be able to treat infection but also have a beneficial effect on 
wound healing and speed up the process to minimize recovery time. Autografts, xenografts, and 
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allografts have been used in the treatment of excisional wounds. However, some problems have been 
identified for these treatments. These include limited availability of autografts in severely injured 
patients, whereas xenografts and allografts can lead to problems associated with disease transmission 
and immune response (49). Tissue engineering has resulted in the generation of various scaffolds to treat 
excisional wounds and promote wound healing. Chitosan has shown promise in the form of chitosan 
hydrogels and chitosan acetate bandages, as well as chitosan-(polyvinyl alcohol) nanofibers (50–52). 
Although the main purpose of this study was to determine if NF wound dressings could treat S. aureus-
induced infections, the effects of the NF and CF wound dressings on wound closure were also 
investigated. No differences in wound closure of infected wounds treated with NF or CF wound 
dressings were observed. Studies have revealed that S. aureus-infected wounds show improved wound 
closure compared to uninfected or infected and treated wounds (50). However, we did not notice this 
effect. Even though there was no significant difference in wound closure, the wounds that were treated 
with NF wound dressings had a significantly lower bacterial burden than CF wound dressing-treated 
wounds, as previously discussed. A statistically significant difference was, however, observed for 
wound closure of uninfected wounds treated with NF or CF wound dressings compared to control, 
gauze-covered wounds. CF wound dressings, as well as NF wound dressings, showed a positive 
influence on wound healing, as determined by histological analysis. Hyaluronic acid nanofibers have 
been shown to be effective in promoting wound healing of full-thickness excisional wounds in pigs, and 
chitosan-poly(vinyl alcohol) nanofibers only showed a positive influence on wound healing when used 
in combination with R-Spondin I, a novel growth factor (52, 53). Curcumin-loaded poly(ε-caprolactone) 
(PCL) also showed improved wound healing from day 6 compared to plain PCL over a 10-day period in 
a diabetic murine model (54). Other studies have also revealed that some nanofibers do not have an 
added positive influence over control groups on wound closure. However, histological analysis usually 
reveals that the wound healing process has been stimulated more in nanofiber-treated groups (55, 56). 
The addition of growth factors to the nanofibers usually accelerates wound closure compared to control 
nanofiber-treated groups, as would be expected (52, 57).  
The major factors of a nanofiber scaffold that positively influence wound healing thus seem to include 
the hydrophobicity/hydrophilicity ratio of the nanofiber scaffold, which will influence attachment to the 
wound and prevent excessive fluid buildup, and porosity, which will influence air and moisture 
permeability, as well as the benefit of bioactive molecules electrospun into or bound to the surface of the 
nanofibers (58). Our nanofiber scaffolds have good wettability and good hydrophobicity/hydrophilicity 
ratios; because of the blending of hydrophobic/hydrophilic polymers before electrospinning, the fibers 
retain the fibrous structure and their porosity upon incubation and thus have the potential as a good 
overall scaffold material that will positively influence wound healing (32). This was, however, a 
preliminary study on wound healing of uninfected wounds, and the exact influence of the nanofibers 
and/or nisin on wound healing warrants further investigation. It can also not be ruled out that nisin has 
an influence on wound healing, as cationic antimicrobial peptides play a role in the innate immune 
response (59). Plantaricin A, a bacteriocin produced by Lactobacillus plantarum, has been shown to 
increase cell proliferation, enhance migration, and influence the expression of transforming growth 
factor β1, fibroblast growth factor 7, vascular endothelial growth factor A, and interleukin-8 in vitro in 
human keratinocytes (60). Plantaricin A was shown to promote antioxidant defenses and increased the 
expression of FLG, IVL and HBD-2 genes in NCTC 2544 keratinocytes (61). Decreased expression of 
tumor necrosis factor alpha was also observed in plantaricin A-treated cells. More recently, nisin Z was 
shown to have immunomodulatory activities and modulated the host immune response similarly to 
natural host defense peptides (62). Nisin Z mediated host protective immunity and conferred protection 
against Gram-positive and Gram-negative bacterial infections.  
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In conclusion, nisin was successfully electrospun into PEO 50–PDLLA 50 nanofibers, and released nisin 
was able to inhibit the growth of S. aureus strains over a prolonged period of time. NF wound dressings 
were able to significantly reduce the bacterial burden of S. aureus-induced skin infections in a murine 
model. NF and CF wound dressings were able to significantly reduce wound closure time for excisional 
wounds over 7 days in mice and showed no negative side effects on wound healing in a preliminary 
study. Nisin-containing PEO-PDLLA nanofibers can thus be suitable wound dressing materials to not 
only reduce the bacterial burdens of S. aureus-infected wounds, but also potentially decrease healing 
time of excisional wounds. As far as we have determined, this is the first report of an in vivo evaluation 
of an antimicrobial peptide electrospun into nanofibers to treat skin infections induced by bacteria. 
Future research should include the combination of growth factors, anti-inflammatory agents, and 
analgesics, as well as other potential antimicrobials with lantibiotics to generate an optimal wound 





In vitro antimicrobial activity of nisin-eluting and control PEO 50–PDLLA 50 nanofibers against methicillin-
sensitive S. aureus and MRSA strains. The nanofiber sample placed in the top part of the petri dish contained 
nisin (NF), whereas the sample placed below had no nisin (CF). The target strains of S. aureus were obtained 
from Caliper Life Sciences, Hopkinton, MA. Growth inhibition, depicted as the inhibition zone diameter, was 





Efficacy of nisin-eluting PEO 50–PDLLA 50 nanofiber wound dressings to reduce S. aureus Xen 36 
bioluminescence in vivo in a full-thickness excisional skin wound model in mice. Bioluminescent 
images (A) and bioluminescent measurements (B) of mice infected with 10 μl of 108 CFU/ml S. aureus 
Xen 36 and treated with nisin-containing PEO 50–PDLLA 50 nanofiber wound dressings (NFG) and 
control PEO 50–PDLLA 50 nanofiber wound dressings (CFG). *, P < 0.0001 compared to CFG. Error 




Efficacy of nisin-eluting PEO 50–PDLLA 50 nanofiber wound dressings in reducing bacterial (S. aureus 
Xen 36) burden in infected skin wounds as well as bacteria adsorbed to the nanofiber wound dressings. 
(A) CFU of S. aureus Xen 36 recovered from PEO 50–PDLLA 50 nanofiber wound dressings removed 
10
from full-thickness excisional wounds on days 2, 4, and 7 of the experiment. (B) Viable S. aureus Xen 
36 observed in excised wounds on day 7. *, P < 0.0001, compared to CFG on the corresponding days. 




Influence of gauze or nisin-eluting or control PEO 50–PDLLA 50 nanofiber wound dressings on wound 
healing and wound closure of infected and noninfected full-thickness excisional skin wounds in mice. 
Full-thickness excisional wounds in mice were generated by punch biopsy and infected with 10 μl of 108 
CFU/ml S. aureus Xen 36 (A) or were left uninfected (B) and subsequently covered with the different 
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FIG S1 Scanning electron microscopy (SEM) images of nanofibers and nanofiber diameters. 
SEM images of PEO 50:PDLLA 50 nanofibers electrospun (A) without nisin and (B) 
electrospun with nisin. Distribution of nanofiber diameters in samples electrospun without 






































FIG S2 Histological analysis of non-infected full-thickness excisional wounds in mice 
covered with gauze, nisin-eluting- and control-PEO 50:PDLLA 50 nanofiber wound 
dressings to investigate wound healing. Skin sections (stained with H&E) of excisional 
wounds covered with gauze (A: wound bed and B: tissue adjacent to wound bed), control 
PEO 50:PDLLA 50 nanofibers (C: wound bed and D: tissue adjacent to wound bed) and 
nisin-containing nanofibers (E and F, both of wound bed) on day 7. 1: re-epithelialization, 2: 
neovascularization, 3: neutrophils, 4: keratinization, 5: hair follicle and 6: fibrosis (fibrotic 
scar formation). Scale bar = 20 µm. 
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